The state of Paraíba, Brazil, has soils from well-to poorly-developed, in which potassium (K) is found in different levels, forms and, consequently, with varying availability to plants. The objective of this study was to evaluate the contribution of non-exchangeable K forms to corn plants in 12 soils from Paraíba state, along four successive cycles. The experimental design was completely randomized block with three replicates and the 24 treatments consisted of the combination between two K levels (0 and 100 mg dm ) and 12 soils. Before and after each cycle, subsamples of 0.2 dm 3 were collected in each pot for the determination of nonexchangeable K (Kne), exchangeable K (Ke) and soluble K (Ks). For each cycle, dry matter production, dry matter K content and plant K content (absorbed K) were determined. In the studied soils, the amounts of absorbed K after successive cycles were higher than the amounts of exchangeable K released, which shows the contribution of non-exchangeable K forms to corn nutrition.
Introduction
Potassium (K) is the second most required element by the majority of the cultivated plants; its absorption by plants triggers a continuous process of depletion of the different forms of K, which is more pronounced when the contents of available K are lower. The supply of K is buffered by its exchangeable and non-exchangeable forms, adsorbed with low and high binding energy in the exchange sites, respectively (Kaminski et al., 2007) . Thus, the K of the structural forms of feldspars and micas and the K retained in the interlayers of some expandable 2:1 clay minerals are considered as non-exchangeable K forms that can act as a source of K to plants (Fraga et al., 2009) .
In well-developed soils, the exchangeable K is the most important reserve of available K to plants, which justifies the determination of only this chemical form to evaluate its availability in these soils. Currently, it is estimated that there are more than 30 chemical extractors to evaluate the available K in the soil, and 1 mol L -1 NH 4 OAc at pH 7.0 is the standard extractor to evaluate the exchangeable K in the soil (Helmke & Sparks, 1996) .
Extractors such as Mehlich-1 and mixed ion exchange resin only estimate the available K in the soil and are the most used in Brazil (Raij et al., 2001) ; in the state of Paraíba, Mehlich-1 is the only K extractor used in routine analysis. However, all soils, to a greater or lesser degree, have K in forms that are nonexchangeable or not conventionally extracted to evaluate K availability, which contribute to the K nutrition of the cultivated plants (Werle et al., 2008) .
Since the state of Paraíba has soils from well-to poorlydeveloped, with great variations in their chemical, physical and mineralogical characteristics (Brasil, 1972) , it is essential to evaluate their capacity to supply K to plants, through its nonexchangeable forms. Therefore, this study aimed to evaluate the contribution of non-exchangeable K forms to corn plants in 12 soils of the state of Paraíba, Brazil, along four successive cycles.
Material and Methods
Samples from the layer of 0-30 cm of twelve soils from the state of Paraíba, Brazil, were used. The soils were classified by Brasil (1972) and fit in the new classification proposed by EMBRAPA (2006) (Tables 1 and 2 ) in the Laboratory of Soil and Rural Engineering, at the Center of Agricultural Sciences of the Federal University of Paraíba, according to the methodology described in Donagema et al. (2011) .
The liming requirement of the soils was calculated through the methods of Al 3+ neutralization and increase in the contents of Ca 2+ and Mg 2+ , and through the base saturation method (Alvarez V. & Ribeiro, 1999) , according to Farias et al. (2009a) .
After correcting the acidity of all the soils, two doses of K were applied (0 and 100 mg dm -3 ) in the form of KCl (A.R. grade) in solution and the soils were incubated for 21 days. These two incubation periods were performed with soil samples (3.2 dm 3 ) inside plastic pots in a greenhouse. After each incubation period, the samples of all the soils were air-dried, pounded to break up clods, sieved through a 4-mm screen and placed back into the pots.
Immediately after the incubation period of K doses with the soils and before corn planting, a soil sample of 0.2 dm 3 was collected in each pot for the determination of the contents of exchangeable K; soluble K, extracted with distilled water and non-exchangeable K, which was estimated by subtracting the content of exchangeable K, extracted with 1 mol L -1 NH 4 OAc at pH 7.0, from the content of K in the soil, extracted with boiling 1 mol L -1 HNO 3 (Helmke & Sparks, 1996) . For each soil and all extractors, the soil K contents in mg kg -1 were multiplied by soil density in order to obtain the results in mg dm -3 . The remaining volume of soil (3.0 dm 3 ) received a fertilization with macro and micronutrients, except K, according to Farias et al. (2009b) . After fertilization, the soil samples were placed back into the pots and moistened with an amount of distilled water corresponding to 50% of soil total porosity.
Immediately after the fertilization with macro and micronutrients, the 2C577 hybrid corn cultivar was planted.
(1) Analysis performed according to the methodologies described in Donagema et al. (2011) ; (2 Thirty days after sowing, the shoots of the plants in each pot were cut at a height of 1 cm from the soil and then subjected to a pre-drying in a greenhouse. The roots were removed from the pots and the soil adhered to them was initially separated with tap running water and then using distilled water through a quick wash.
After plant harvest at the end of the first cycle, a soil subsample of 0.1 dm 3 was collected from each one of the 72 pots for the determination of the contents of soluble K, exchangeable K and non-exchangeable K. The remaining volume of soil was placed back into the pot for the next three cycles, as done for the first cycle, from sowing to harvest and not allowing the occurrence of deficiency of other nutrients to plants.
After pre-drying, the material was placed in perforated paper bags and dried in a forced-air oven at 70 ºC, until constant weight. Shoot and root dry matters were mixed, ground in a Wiley-type mill and mineralized through sulfuric digestion, and K was determined in the extracts through flame photometry (Tedesco et al., 1995) .
From the values of dry matter production, obtained through the weighing of the plants in each pot, and K contents in the dry matter, the total contents of K in the dry matter were calculated. The amounts of K extracted from the soil by plants were calculated by dividing the total contents of K in the dry matter by the soil volume of each pot and were expressed in the same unity (mg dm -3 ) used for the extractors. The amounts of Kne and Ke released after four successive cycles were obtained by the difference between the initial value of these K forms and the value obtained after the last cycle. Both forms were added and the percentages in relation to the K absorbed by plants were calculated.
Soil fertilization for the other cycles was performed according to Farias et al. (2009b) of Mg and 28 mg dm -3 of S (MgSO 4 .7H 2 O) were also applied. These fertilizations were used based on expertise and the identification of possible symptoms of nutritional deficiency. After each cycle, the procedures of harvest and preparation of the material for the analysis of plant K contents were repeated.
The statistical analysis consisted of analysis of variance, regression and correlation.
Results and Discussion
Mean values of dry matter, plant K content and absorbed K decreased along the successive cycles (Table 3 ). Dry matter production in the first cycle was similar between the two soil groups, with mean of 23.6 g pot -1 for the more-developed soils and 24.9 g pot -1 for the less-developed soils. From the second cycle on, the difference between the two soil groups became more evident and the dry matter production in less-developed soils (17.5 g pot -1 ) was 2.4 times higher than that observed in more-developed soils (7.4 g pot -1 ). In the third cycle, in which corn cultivation was still possible in all the soils, the dry matter production in less-developed soils was, on average, 5.6 times higher than in more-developed soils (Table 3) .
In the fourth cycle, plants cultivated in the soils PA and PAC died a few days after emergence and, in PVA, LA, PVd, RR and RL, plants showed very limited growth (Table 3) and severe symptoms of K deficiency in the leaves. The soils SX, RY and VX, which have the highest contents of clay and K-source minerals (Tables 1 and 2) , were the ones with not much variation in dry matter production along the corn cycles and with the highest dry matter productions in the fourth cycle (Table 3) . This shows that less-developed soils with higher proportion of mica and 2:1 silicate clays, especially the most clayey ones, are the soils with the highest capacity to supply K to plants in medium and long term. Data of Santos et al. (2013) indicate that these soils show higher K buffering capacity (KBC), which favors the maintenance of K more or less constant in the soil solution for long periods. In addition, the silt fraction in the soil can also be a great source of nonexchangeable K (Silva et al., 2008) .
K fertilization increased plant K contents during the first cycle, especially in more-developed soils and in the less-developed ones with higher sand contents (RR and RL). However, this effect only reflected in a considerable increase of corn dry matter production in the soils PA, PAC and RR (Table 3) , which are the ones with the highest sand contents and the lowest Ke contents (Table 1 ). This beneficial effect of the K dose on plant growth was virtually limited to the first cycle (Table 3) , evidencing the need to replenish the K exported by the harvests after each cycle in these soils. Soils with low KBC, such as PA, PAC, RR and RL, require split and frequent K fertilizations to maintain soil fertility (Santos et al., 2013) .
The dry matter production of plants cultivated in moredeveloped soils did not correlate (second, third and fourth cycles) or showed low correlation (first cycle) with Ks contents (Table 4) , but showed good correlation with Kne contents and especially with Ke contents.
In the more-developed soils, the correlation between Kne content and dry matter production was low in the first cycle, but it was high in the subsequent ones, possibly due to the contribution of Kne to plant nutrition and growth, which is directly proportional to the depletion of soil Ke. Therefore, the non-exchangeable K constituted a reserve of K supplied to plants, thus guaranteeing their nutrition especially in more-developed soils, as observed by Alves et al. (2013) and Rosolem et al. (2012) . Similar behavior was observed in the absorbed K. It should be pointed out that the contribution of soluble K, from the second cycle on, was not significant in more-developed soils, but was significant until the third cycle in the less-developed ones.
The amounts of Kne and Ke released and absorbed by corn plants after four successive cycles are shown in Table 5 . In Table 3 . Dry matter production # , plant K content and absorbed K in the four successive corn cycles, as a function of the K doses added to more-and less-developed soils of the state of Paraíba, Brazil (2) Dry matter was not evaluated because plants died a few days after germination.
(3) Parameters not determined due to the lack or little amount of dry matter for the chemical analysis. # Means followed by the same letter do not differ at 0.05 probability level by F test more-developed soils with higher clay contents (PVe, PVA, LA and PVd), the amounts of Ke released after four successive corn cycles were similar to the amounts of K absorbed by plants in the absence of K fertilization, while in more-developed soils with lower clay contents (PA and PAC) this only occurred after the application of the K dose of 100 mg dm -3 (Table 5 ). In the soils PA and PAC, in the absence of K fertilization, the amount of Kne + Ke released after the cycles was lower than the K absorbed by plants, indicating that other forms of Kne, not extracted with boiling 1 mol L -1 HNO 3 , may have been released and absorbed by plants.
When K was not added to less-developed soils, the released Ke represented 20 (RY) to 74% (TX) of the K absorbed by plants. These values vary from 21 (SX) to 84% (RR) when a K dose of 100 mg dm -3 was added (Table 5 ). The less-developed soils with higher clay contents and predominance of mica and 2:1 minerals in the clay fraction (SX, RY and VX) (Table  1) were the soils in which the released Ke represented only a small fraction of the amount of K absorbed by plants (Table 5 ).
In the soil SX, the released amounts of Kne + Ke were higher than the amounts of K absorbed by plants, especially for the K dose of 100 mg dm -3 (Table 5 ), evidencing that the non-exchangeable forms of K released and absorbed by plants were efficiently estimated by boiling 1 mol L -1 HNO 3 . The same did not occur in the soils RY and VX, in which the released Ke represented only 20 to 40% of the great amount (589 to 801 mg dm -3 , respectively) of K absorbed by plants in these soils (Table 5) .
According to Meurer et al. (1996) , the K extractable with boiling 1 mol L -1 HNO 3 , which is considered as a reserve available in the medium term, can be an unreliable approximation of the soil capacity for K supply, but it is not necessarily related to the dynamics of K release in the soils. Furthermore, it should be considered the potential capacity of the acid treatment in the dissolution of structural K, similar to other strong acids, which can lead to an overestimation in the quantification of Kne contents in the soil. The methodology employed in the present study uses a time of 15 minutes for soil boiling with 1 mol L -1 HNO 3 , which is longer than the time used in most studies found (10 minutes).
In less-developed soils originated from granite, Nachtigall & Vahl (1991) observed high contents of K extracted by boiling 1 mol L -1 HNO 3 , which was not released to plants. Similar results were observed by Mielniczuk & Selbach (1978) in soils of the state of Rio Grande do Sul. In other cases, boiling 1 mol L -1 HNO 3 can underestimate Kne, indicating a participation of non-exchangeable forms used by plants that are not extracted through this methodology (Nachtigall & Vahl, 1991; Silva et al., 2000; Cabbau et al., 2004; Villa et al., 2004) . These results, as the ones observed in the present study, compromise the generalization of the use of boiling 1 mol L -1 HNO 3 as an index of Kne supply to plants.
With the data from Table 5 , multiple and single linear regression equations were adjusted to the accumulated K in the plants as a variable of Kne and/or Ke (Table 6 ). In moredeveloped soils, variations in the K absorbed by plants are very well explained (R 2 = 0.99) by the variations in the Ke released, (1) MDS -More-developed soils (n = 12 for each cycle individually and n = 48 for all the cycles); (2) LDS -Less-developed soils (n = 12 for each cycle individually and n = 48 for all the cycles); (3) ALL -All the soils (n = 24 for each cycle individually and n = 96 for all the cycles); *,**Significant at 0.05 and 0.01 probability level, respectively; ns Not significant but little explained (R 2 = 0.43) by the variations in the Kne contents released. According to the multiple regression model, the variable Kne did not contribute to the increase in R 2 and the coefficient of the model associated with this variable was not significant. Thus, it can be concluded that, in more-developed soils, the variations in the amounts of K absorbed by plants are exclusively explained by the variations in the amounts of Ke released after the cycles.
In less-developed soils, variations in the K absorbed by plants were partially explained (R 2 = 0.61) by the variations in the Ke released, but were not explained (R 2 = 0.13 and not significant effect for Kne) by the variations in the contents of Kne released (Table 6 ). Considering the variables Kne and Ke together in the multiple regression model, the value of R 2 increased to 0.72. This R 2 value is still lower than 0.99, evidencing once more that in less-developed soils, not all the non-exchangeable forms of K susceptible to absorption by plants were extracted from the soil with boiling 1 mol L -1 HNO 3 , as previously mentioned. When these regression equations were adjusted considering the twelve soils together, the R 2 values were much lower ( Table  6 ), evidencing that the separation of the soils into two groups according to the degree of development was important to better understand the studied phenomenon. 
Conclusions
1. In all the studied soils, especially in the less-developed ones with higher contents of clay and 2:1 minerals, the amounts of K absorbed after successive cycles were higher than the released contents of exchangeable K, evidencing the contribution of non-exchangeable K forms to corn nutrition.
2. The extractor 1 mol L -1 HNO 3 in boiling water was not efficient to extract all the non-exchangeable K forms susceptible to absorption by corn plants. 
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